Abstract To develop a new biofungicide product against grapevine powdery mildew, caused by Erysiphe necator, cultural characteristics and mycoparasitic activities of pre-selected strains of Ampelomyces spp. were compared in laboratory tests to the commercial strain AQ10. Then, a 2-year experiment was performed in five vineyards with a selected strain, RS1-a, and the AQ10 strain. This consisted of autumn sprays in vineyards as the goal was to reduce the number of chasmothecia of E. necator, and, thus, the amount of overwintering inocula, instead of targeting the conidial stage of the pathogen during spring and summer. This is a yet little explored strategy to manage E. necator in vineyards. Laboratory tests compared the growth and sporulation of colonies of a total of 33 strains in culture; among these, eight strains with superior characteristics were compared to the commercial product AQ10 Biofungicide® in terms of their intrahyphal spread, pycnidial production, and reduction of both asexual and sexual reproduction in E. necator colonies. Mycoparasitic activities of the eight strains isolated from six different powdery mildew species, including E. necator, did not depend on their mycohost species of origin. Strain RS1-a, isolated from rose powdery mildew, showed, together with three strains from E. necator, the highest rate of parasitism of E. necator chasmothecia. In field experiments, each strain, AQ10 and RS1-a, applied twice in autumn, significantly delayed and reduced early-season development of grapevine powdery mildew in the next year. Therefore, instead of mycohost specificity of Ampelomyces presumed in some works, but not confirmed by this study, the high sporulation rate in culture and the mycoparasitic patterns became the key factors for proposing strain RS1-a for further development as a biocontrol agent of E. necator.
Introduction
Pycnidial fungi belonging to the genus Ampelomyces are the best-known natural mycoparasites of powdery mildew fungi worldwide. Their hyphae and pycnidia commonly occur inside the hyphae, conidiophores, conidia and ascomata of the Erysiphales in the field (Kiss et al. 2004; Kiss 2008; Tollenaere et al. 2014) . Strains of Ampelomyces can be isolated from powdery mildew mycelia and maintained on artificial media although their growth is slow in culture (e.g., Szentiványi et al. 2005; Liang et al. 2007; Angeli et al. 2012a ) and sporulation may also be restricted or absent in such conditions (Legler et al. 2011a ). The species recognition in the genus Ampelomyces is still problematic although molecular phylogenetic works based on nrDNA ITS and actin gene (act1) sequences have clearly distinguished several lineages (Szentiványi et al. 2005; Liang et al. 2007; Park et al. 2010; Kiss et al. 2011; Pintye et al. 2012) . A taxonomic revision has long been proposed for this genus (Sutton 1980) to resolve the nomenclatural problems arising from the use of the binomial 'A. quisqualis' for all the strains belonging to this group of mycoparasites, but this has not been performed to date.
Since the 1970s, a number of Ampelomyces strains have been studied as biocontrol agents (BCAs) of powdery mildew infections of economically important crops such as grapevine and cucumber (Kiss et al. 2004 ). Among these, strain AQ10 or M-10 (CNCM accession number I-807), isolated from an Oidium sp. infecting Catha edulis in Israel (Sztejnberg et al. 1989) , became the most advanced in terms of commercial development being used as the active agent of the product AQ10 Biofungicide®, registered in the USA and Europe, to be used against powdery mildews of several crops including grapevine. Another strain, designated as 94013, and isolated from Podosphaera phaseoli on Phaseolus angularis in Korea, was used to develop another biofungicide product, Qfect®, to be used mainly against cucumber powdery mildew in Korea (Lee et al. 2004 ). The two commercially developed strains, M-10 and 94013, are only distantly related based on phylogenetic analyses of their act1 and ITS sequences (Park et al. 2010) .
Biocontrol of powdery mildews on various crops was sometimes reported as poor or inconsistent when using Ampelomyces as a BCA in greenhouse or field trials (for reviews, see Paulitz and Bélanger 2001; Kiss et al. 2004) or in laboratory tests (Shishkoff and McGrath 2002; Romero et al. 2003) . In particular, the biocontrol activity of AQ10 Biofungicide® was reported to be unsatisfactory, or less efficient than other anti-powdery mildew treatments, in some works (McGrath & Shishkoff 1999; Shishkoff and McGrath 2002; Romero et al. 2003; Pertot et al. 2008; Angeli et al. 2012b) , while other studies obtained good results with this biofungicide (Elad et al. 1998; Brand et al. 2009) .
A possible reason of the low efficacy of the AQ10 strain and some other Ampelomyces strains could be the existence of some degree of mycohost specialization in these mycoparasites suggested by some studies but rejected by others (Sztejnberg et al. 1989; Szentiványi et al. 2005; Liang et al. 2007; Park et al. 2010; Kiss et al. 2011; Angeli et al. 2012a, b; Pintye et al. 2012 Pintye et al. , 2015 . Crossinoculation experiments showed that Ampelomyces strains isolated from different powdery mildew species were able to parasitize different test powdery mildew species in vitro (Sztejnberg et al. 1989; Szentiványi et al. 2005; Liang et al. 2007 ) and also in field experiments (Kiss et al. 2011 ). However, most of these works did not include a quantification of the mycoparasitic activities in the original and the inoculated species of the Erysiphales. When this was done, contrasting results were obtained. Falk et al. (1995) observed a much higher pycnidial production in the mycohost species of origin compared to two other powdery mildew species tested. Angeli et al. (2012b) reported that some, but not all, strains performed better in their mycohosts of origin than in other powdery mildews tested. On the other hand, Kiss et al. (2011) did not detect significant differences in mycoparasitic activities of genetically distinct Ampelomyces strains in two test powdery mildew species which were different from the original mycohosts.
Grapevine powdery mildew was one of the major targets of AQ10® Biofungicide (Paulitz and Bélanger 2001) which was applied against the conidial stage of the pathogen during the vegetation period similar to the use of chemical fungicides. Another, much less exploited strategy to control E. necator is to reduce the overwintering inoculum, namely the number of the sexual fruiting bodies, called chasmothecia (Caffi et al. 2013) . Chasmothecia are formed on grapevine leaves by the end of the vegetation period, starting from late summer until leaf fall, are mostly washed off the leaves by rain and remain attached to the bark during winter (Rossi et al. 2011) . Chasmothecia contain ascospores which initiate the life cycle of E. necator next spring by infecting young leaves soon after bud break . Ampelomyces mycoparasites may be used for this purpose because they destroy powdery mildew chasmothecia completely (Speer 1978; Falk et al. 1995; Füzi 2003) . In contrast, their mycoparasitic activity in the conidial stage of powdery mildews is less destructive: the initial steps following penetration are apparently biotrophic (Hashioka and Nakai 1980; Kiss 2008) and even powdery mildew conidia parasitized by Ampelomyces can germinate and give rise to new, sporulating powdery mildew colonies (Kiss et al. 2010) . Thus, Ampelomyces strains as BCAs may perform better against chasmothecia compared to their effects on the conidial stages of powdery mildews although this application strategy has not been widely exploited yet (Legler et al. 2011b ).
Recently we carried out an extensive preliminary screening of more than 150 Ampelomyces strains isolated from many powdery mildew species in different parts of the world to select one or more strains to be further developed as commercial BCA(s) of grapevine powdery mildew. This was done based on a complex screening protocol developed for Ampelomyces (Legler et al. 2011a) . The main goal of the present study was to continue this work by conducting more detailed investigations on several strains pre-selected during our preliminary screening (Legler et al. 2011a ). We determined the following characteristics of the strains: (i) growth and sporulation rates in culture, (ii) mycoparasitic activity in both asexual and sexual stages of E. necator in laboratory experiments, and (iii) control efficacy against E. necator in the field. The ultimate objective was to select an Ampelomyces strain that grows and sporulates well in culture (an important characteristic for mass-production purposes), parasitizes intensively both asexual and sexual stages of E. necator, and can be used as an effective BCA of grapevine powdery mildew when applied in vineyards. Instead of targeting the asexual, conidial stage of E. necator, we focused on the reduction of the overwintering inoculum of grapevine powdery mildew by autumn applications of Ampelomyces in vineyards against chasmothecia and followed the effects of these treatments in the next season.
Materials and methods

Ampelomyces strains
A total of 32 strains, pre-selected as described in Legler et al. (2011a) , together with the commercial strain AQ10 (Table 1) , were subcultured on Czapek-Dox agar supplemented with 2 % malt (MCzA) by placing a mycelial disk, 5 mm diameter, in the center of a plate, 6 cm diam, containing 15 ml MCzA. The commercial strain AQ10 was included in all the studies as a reference strain. Plastic plates of 6 cm diameter, containing 15 ml MCzA, were used throughout this work unless specified otherwise.
Production of coeval colonies of the pre-selected strains
To measure the growth and sporulation rates of the strains in culture, the first step was to produce coeval cultures, i.e. cultures of exactly the same age, for each strain. Such synchronized cultures, started on the same day, were produced at the beginning of every repetition of each experiment. Plates were inoculated with 1 ml of conidial suspension obtained from sporulating colonies of each strain and spread uniformly on the surface of the culture medium. Conidial suspensions were obtained by pipetting sterile water onto approximately 1-month old colonies and then rubbing their surfaces with a sterile brush to liberate as many conidia as possible from pycnidia. The concentrations of the suspensions ranged between 2 and 8 × 10 6 conidia/ml as determined using a Bürker haemocytometer. All Ampelomyces conidial suspensions used in different experiments, and described below, were adjusted to these values by dilution. Inoculated plates were kept in complete darkness at 20°C and 2-week old cultures of each strain were used for further studies.
Growth and sporulation in culture
To assess mycelium growth, disks of media, 5 mm diam, covered by Ampelomyces mycelia, were cut from 2-week old cultures, prepared as described above, and each placed in the middle of another plate in a 5 mm diam hole previously cut out of the medium. The newly inoculated plates were kept at three temperature regimes (15, 20 and 25°C) in complete darkness. Three replicates were used for each temperature regime and the experiment was carried out three times. To measure the radial growth of the mycelial disks, a picture of the plates was taken weekly for 4 weeks using a digital camera. Images were processed using the ASSESS software (APS, Minnesota, US) to measure the colony area and the area covered by pycnidia. The average colony growth rate and the sporulating area of the colony were calculated based on these data. The sporulating area of the colony was calculated as the percent ratio between the whole surface of the colony and the sporulating area of the mycelial surface indicated by the presence of pycnidia.
To assess the sporulation rate of the strains which performed well in the previous screenings, plates were inoculated with 1 ml conidial suspension obtained from the coeval 2-week old colonies, and kept at three temperature regimes (15, 20 and 25°C) in complete darkness. Three replicates were used for each temperature value and the experiment was carried out three times. Two disks of medium, 5 mm diam, covered with mycelium, were cut out of the colonies 4, 6, 8 and 10 days post inoculation (dpi). Pycnidia found on the disks were counted under a stereomicroscope and expressed as number of pycnidia per mm 2 colony for each strain. Only the brown, completely mature pycnidia with conidial droplets on their surface were counted. Immediately after this step, the two disks per plate were put in 1 ml sterile water and vortexed for 1 min to release all conidia from pycnidia. The concentration of each suspension obtained in this way was measured using a Bürker haemocytometer and expressed as number of conidia per mm 2 colony.
Spread and pycnidial production in asexually sporulating powdery mildew colonies
The intra-hyphal spread and the intracellular sporulation rate of Ampelomyces strains in the grapevine powdery mildew colonies were determined on detached grapevine leaves. Eight strains selected in the previous steps were included in these screenings ( Fig. 1) . Instead of the AQ10 strain maintained in culture, the commercial product AQ10 Biofungicide® was used in these, and all the subsequent, experiments as a positive control. We used the commercial product because the sporulation rate of the AQ10 strain maintained in culture was poor or zero. Potted grapevine plants, Vitis vinifera cv. Chardonnay, were kept in a greenhouse and their leaves were inoculated with E. necator as described by Legler et al. (2012) . Leaves with typical symptoms of powdery mildew infection were detached from plants 10 to 14 dpi, taken to the laboratory, and checked for the presence of freshly sporulating colonies of E. necator on their surfaces under a dissecting stereomicroscope. Each sporulating powdery mildew colony, marked with a permanent pen on the leaf surface, was inoculated with a 10 μl droplet of an Ampelomyces conidial suspension pipetted in the middle of the powdery mildew colony. Two to four grapevine leaves were used for each strain and each leaf beared one to five inoculated powdery mildew colonies. The inoculated leaves were kept in closed glass plates, 15 cm diam, placed on plastic nets floated on water, with their petioles in water, to ensure leaf survival and also high relative humidity. These plates were placed in a climate chamber with 16 h daily illumination at 20°C for 10 days. The leaves were then put between paper towels, pressed and dried for 2-3 weeks before examination. These dried leaves, preserved as herbarium materials, were more easily handled during further works than the fresh ones. These experiments were done two or three times for each strain.
To assess the intra-hyphal spread of strains in the grapevine powdery mildew mycelium, each dried grapevine leaf was covered by transparent cellophane sheets and the points of inoculations and the areas around them containing Ampelomyces pycnidia in the powdery mildew conidiophores were marked with a fine point permanent marker under a dissecting stereomicroscope. The points of inoculation were markedly different from the rest of the powdery mildew colonies (Fig. 2 ). The cellophane sheets were then placed on a millimeter paper and scanned to be stored as digital images. To determine the areas of the E. necator mycelia parasitized by the different Ampelomyces strains, the scanned images were evaluated using the ASSESS software similar to the study of the growth and the sporulation of Ampelomyces strains in culture, as described above. The spread of Ampelomyces in powdery mildew colonies was expressed as mm 2 per day. To assess the sporulation in powdery mildew colonies, the number of Ampelomyces pycnidia produced in the E. necator conidiophores was determined in the above mentioned area under a dissecting stereomicroscope as described in Kiss et al. (2011) . Pycnidia were counted in a single 1.5 mm 2 microscopic field per each powdery mildew colony successfully inoculated with Ampelomyces and the value obtained was converted to number of pycnidia per mm 2 powdery mildew-infected leaf surface.
Reduction of E. necator conidial production
The potential of each Ampelomyces strain to reduce the asexual sporulation of grapevine powdery mildew was also determined using detached grapevine leaves. Powdery mildew-infected leaves of V. vinifera cv. Barbera were produced in a greenhouse as described above. Leaf disks, 15 mm diameter, covered by sporulating E. necator mycelium were cut out of detached leaves, placed on wet filter paper in a 9 cm diameter Petri dish, and uniformly sprayed with an Ampelomyces conidial suspension. Fifteen leaf disks were sprayed with each tested Ampelomyces strain and 15 others with sterile distilled water. The latter samples served as untreated control. Leaf discs were kept in a climate chamber at 20°C and 12 h daily illumination. At 10 dpi, each leaf disk was placed in a 1.5-ml Eppendorf tube containing 0.5 ml 0.5 % Tween 20 solution and vortexed for 10 s. The number of powdery mildew conidia in the suspensions obtained after vortexing was determined using a Bürker haemocytometer. The experiment was carried out twice with each strain tested.
Parasitism of E. necator chasmothecia
The mycoparasitic activity of the eight strains selected in the previous steps ( Fig. 1 ) was determined in grapevine powdery mildew chasmothecia on potted grapevine plants, cv. Barbera. Plants were kept in a greenhouse and their leaves were inoculated with E. necator as described above. The development of powdery mildew colonies was monitored until the appearance of the ascocarps (i.e., chasmothecia) on the leaves. Two cm diameter sampling areas with powdery mildew colonies bearing either immature (i.e. yellow to light brown coloured) or mature (i.e., black) chasmothecia were selected under a dissecting stereomicroscope. Borders of each 2-cm diameter sampling area were marked with a permanent pen on the leaf surface and pictures were taken at the beginning of the experiment using a dissecting stereomicroscope equipped with a camera. Three potted plants, with at least three infected leaves bearing at least two sampling areas for both developmental stages (i.e. two areas with immature and two with mature chasmothecia at the time of inoculation with Ampelomyces) were prepared for each Ampelomyces strain tested and then uniformly sprayed with Ampelomyces conidial suspensions. Three plants with at least six sampling areas for both developmental stages were sprayed with sterile distilled water to serve as untreated controls.
The treated plants were put in transparent boxes which ensured high humidity and kept at 18 to 26°C and natural daily illumination. At 12 dpi, each sampling area was examined under a dissecting microscope and compared (Table 1) 19 strains (Table S1) 8 strains (Table  S2) strain RS1-a (Table S3) >150 strains (Legler et al. 2011a ) Fig. 1 Flow chart indicating the strain screening procedure applied in this work based on the procedure developed by Legler et al. (2011a) . Note that the commercial strain AQ10 was included in every step of the screening procedure as a control to the picture taken before treatment. Ten chasmothecia were taken from each sampling area with a glass needle and examined under a light microscope to determine whether these were parasitized by Ampelomyces. The mycoparasitic activity of each Ampelomyces strain was determined as the percentage of parasitized chasmothecia vs. the total number of chasmothecia studied. These values were determined separately for the two developmental stages of chasmothecia, i.e. for immature and mature stages at the time of inoculation with Ampelomyces. The experiment was carried out twice with each Ampelomyces strain tested.
Grapevine powdery mildew control in the field
Based on the results of our laboratory experiments described above, strain RS1-a was pre-selected as a promising new BCA of grapevine powdery mildew. Its biocontrol efficacy was compared to that of the commercial product AQ10® Biofungicide in field experiments, as well. Experiments were carried out in five commercial vineyards in Travazzano, Savarna, and Lugo in Italy, and Eger and Eger-Kőlyuktető in Hungary. Table 2 summarizes the characteristics of these vineyards. In each vineyard, an area consisting of 120 vines was separated from the rest of the plants in early August 2008 and in that area no more fungicide applications were carried out until the end of the season to favour powdery mildew development. In those areas, the following treatments were done according to a complete randomized design with four replicates: i) untreated control, ii) conidial suspension of strain RS1-a, and iii) commercial product AQ10® Biofungicide, both applied twice, until run-off, approximately 1 week before and 1 week post harvest. The harvest took place from late August until mid-October depending on the vineyard. In both treatments the final concentrations of the conidial suspensions were 2-8 × 10 6 conidia/ml, as in all the other laboratory experiments carried out in this work. Conidial suspensions were applied with a knapsack airblast sprayer SR 420 (Stihl Inc., Virginia Beach, VA, US) that ensured an even distribution of the suspensions over the whole plot. Viability of the Ampelomyces inocula by the time of the applications was confirmed by placing 25 to 50 μl suspension on 1.5 % water agar in 6 cm diameter plates directly from the sprayer in the vineyard, incubating the plates at room temperature for 24 h and then examining the germination of conidia under a light microscope.
Fourteen days after the second application, chasmothecia were randomly sampled on grapevine leaves in each plot. These chasmothecia were squeezed and examined under a light microscope to check the presence of Ampelomyces conidia in their bodies. These observations were done to verify the presence of the mycoparasites on the treated powdery mildew-infected leaves.
Starting from bud break in 2009, the vineyards were inspected at least once a week to determine the time of appearance of the first powdery mildew symptoms, such as flag shoots or discrete pale spots on the abaxial surfaces of the basal vine leaves that are typically caused by ascosporic infections . Flag shoots were never found in our experimental areas. As soon as the first ascosporic infections were detected in the experimental areas, disease severity was assessed weekly on a sample of 50 randomly collected leaves and 20 bunches for each replicate. The leaves and bunches were not necessarily the same during the assessment times. Leaves and bunches were carefully observed for powdery mildew symptoms and classified as healthy or diseased, and disease incidence was calculated as a percentage of infected leaves/bunches. Disease severity was estimated visually and expressed as a percentage of the total leaf/bunch area (Campbell and Madden 1990 ). Bunches were not observed in all vineyards. The same treatments were carried out in autumn 2009 in the same five experimental areas and the results were assessed in spring 2010 as described above. 
Data analysis
To analyze all the data obtained during laboratory experiments, including growth and sporulation rates in culture and spread and mycoparasitic activities inside the grapevine powdery mildew mycelium, the Ampelomyces strains tested were grouped in the following arbitrary groups: (i) those three Ampelomyces strains which were isolated from E. necator, namely Vitis101, Vitis102 and Vitis109; this was named as the 'Vitis' group; (ii) the strain RS1-a was treated separately because of its superior characteristics; (iii) the AQ10 strain from the commercial product AQ10® Biofungicide was also treated separately for comparative reasons; and (iv) all the other Ampelomyces strains isolated from powdery mildew species other than E. necator were included in a single group named as 'Others'. The number of strains included in the 'Others' group varied in different studies, being 28 in the initial steps of the screening procedure, i.e. when daily radial growth and % sporulating surface area of the colonies were determined (Table S1 ), 15 in the subsequent step, when the sporulation rate in culture was assessed (Table S2) , and 4 in the last step of the strain selection procedure, when the intrahyphal spread and reduction of the asexual and sexual sporulation of E. necator were determined in detached leaf assays (Table S3) .
These four groups of strains were created to compare the performances of: (a) strains isolated from E. necator with those isolated from other powdery mildew species; (b) a particular strain, RS1-a, showing particular characteristics during preliminary experiments with those of all the other strains; and (c) the commercial strain AQ10 with those of all the other strains.
The data expressed as percentages (fungal colony area, with and without pycnidia, reduction of powdery mildew conidial production, and parasitized chasmothecia) were arcsine transformed while the values determined as numbers (number of pycnidia produced in culture, powdery mildew conidia from vortexed leaf discs, and intracellular pycnidia produced in powdery mildew colonies) were transformed using the natural logarithm to make variances uniform. Transformed data were subjected to ANOVA for a complete randomized design. Since in a preliminary analysis there was no significant effect of the repeated experiments, experiments were considered as replicates. For the two groups of Ampelomyces strains, 'Vitis' and 'Others', strains were considered as replicates. Disease incidence and severity data determined in field experiments in spring at mid-epidemic on leaves (i.e., when disease incidence was 50 % the highest disease incidence) were arcsine transformed and subjected to a 2-factor ANOVA; the factors considered were: (i) the vineyards (10 vineyards in total, five vineyards each year), and (ii) the Ampelomyces strain applied ('untreated', 'RS1-a', and 'AQ10'). The Fisher Protected Least Square Difference test was used at P = 0.05 to separate means.
Results
Growth and sporulation in culture
Colony growth was significantly (P < 0.001) lower in the 'Vitis' group (0.24 mm/day) than in the 'Others' group and strain AQ10 (0.34 and 0.31 mm/day, respectively), while strain RS1-a was characterized by an intermediate value (0.27 mm/day) (Fig. 3a, Table S1 ). Colony growth significantly (P < 0.001) decreased from 25°C (0.38 mm/day in average), to 20°C (0.34 mm/day in average), and to 15°C (0.26 mm/day in average). The interaction Temperature x Population was not significant (P = 0.38).
At 28 dpi, the percentage of the colony area covered with pycnidia (i.e., the sporulating area) was significantly (P = 0.003) higher in strain AQ10 (71 %) than in the 'Vitis' and the 'Others' groups (66 % on average) (Fig. 3b , Table S1 ). The interaction Temperature x Population was significant (P = 0.013): for RS1-a the colony area covered by pycnidia was wider at 20 and 25°C (61.5 % in average) than at 15°C (54 %), while for AQ10 it was wider at 15 and 20°C (64 % in average) than at 25°C (54 %).
Nonetheless, strain AQ10 produced a significantly (P < 0.001) lower number of mature pycnidia on the sporulating area of its colonies (Fig. 3c , Table S2 ). Consequently, when conidia released from pycnidia were determined, strain AQ10 produced 180 times less conidia per mm 2 of colony than strain RS1-a which produced the highest number of conidia (9.4 × 10 4 /mm 2 of colony) (P < 0.001) (Fig. 3d, Table S2 ). Neither Temperature nor the interaction Temperature x Population had significant effects on production of pycnidia (P = 0.11 and 0.29, respectively) and conidia (P = 0.058 and 0.29, respectively).
The strain screening procedure (Fig. 1) started with a total of 33 strains, including AQ10 (Table 1) . Nine strains, which did not sporulate at all (Table S1 ), were not included in the second step of the screening procedure when the sporulation rates were determined (Table S2) . A total of seven other strains had to be excluded from these steps due to a contamination problem.
Development and pycnidial production of Ampelomyces in powdery mildew conidiophores Strain AQ10 showed a significantly (P < 0.001) lower growth rate in powdery mildew colonies (16.5 mm 2 /day) than strain RS1-a (30.7 mm 2 /day) and than the average growth rate of the strains included in the 'Vitis' (38.8 mm 2 / day) and 'Other' groups (29.4 mm 2 /day) ( Fig. 4a and Table S3 ). Nonetheless, the number of intracellular pycnidia produced per mm 2 of the area colonized by Ampelomyces did not depend on the strain tested (P = 0.06), the overall average value being 12.8 ± 0.32 pycnidia per mm 2 parasitized powdery mildew mycelium.
Reduction of E. necator conidial production All the eight Ampelomyces strains and the commercial product reduced the number of conidia produced by the parasitized powdery mildew colonies by 74.7 % to 91.5 % compared to the untreated control, but these differences were not significant among the four groups of strains (P = 0.43).
Parasitism of E. necator chasmothecia
None of the Ampelomyces strains tested parasitized chasmothecia which were already mature (i.e., black) at the time of the treatment. On the contrary, 36 % of the E. necator chasmothecia which were immature when the treatment was done, i.e. being of yellowish to light brown colour at that point, were parasitized by strain RS1-a. Lower percentages of parasitism were found for the commercial product and strains of the 'Others' group (1.7 % and 7.8 % respectively) (P = 0.003). No significant differences were found between parasitism of chasmothecia by the strains of the 'Vitis' group and strain RS1-a ( Fig. 4b and Table S3 ).
Grapevine powdery mildew control in the field
In all vineyards, in autumn 2008 and 2009, chasmothecia parasitized by Ampelomyces were found 14 days after the second application of both strain RS1-a (Fig. 5 ) and the commercial product AQ10® Biofungicide. In some places a low number of parasitized chasmothecia were also found in the control plots in autumn 2009. The first symptoms of ascosporic infections occurred from mid-May (at Travazzano, in 2010) to mid-July (at Lugo, in 2009) in the three experimental vineyard plots in Italy, and at the end of May in both vineyard plots in Hungary. In 60 % of vineyards, the first disease symptoms appeared firstly in the untreated plots and then, 1 to 4 weeks later, in the plots treated with either AQ10® Biofungicide or strain RS1-a (data not shown).
After the appearance of first disease symptoms, the number of leaves infected with powdery mildew increased progressively, with different rates in different vineyards. For instance, in the Travazzano vineyard in 2009, 53 % of leaves were diseased by the end of May, and almost all leaves were diseased by mid-June (Fig. 6a) ; at the same time, disease severity has also increased and by mid-July reached approximately 25 % of the leaf area in the samples (Fig. 6b) . In the Savarna vineyard, the disease developed slowly in 2009 because only 20 % of the leaves were infected by mid-July, and practically did not develop at all in 2010 because <1 % of the leaves were diseased by mid-June (Table 3 ). In general, disease development in the plots sprayed with the two Ampelomyces strains, RS1-a and AQ10, was lower, and delayed in time, in the early stages of the epidemics. For instance, in the Travazzano vineyard, in 2009, disease incidence was lower in the treated plots compared to the untreated control until mid-June, then approximately 90 % of the leaves were diseased in all the plots starting from late June (Fig. 6a) ; similarly, disease severity was lower in this vineyard until early July in 2009 (Fig. 6b) .
At the mid-epidemic stage, both disease incidence and severity were significantly different in the different vineyards (P < 0.001) and also in the plots sprayed or not with Ampelomyces (P < 0.001 and P = 0.03 for disease incidence and severity, respectively) ( Table 3) . Average disease incidence was 19.6 % on the untreated leaves, 9.2 and 9.8 % on the leaves sprayed with strains RS1-a and AQ10, respectively; disease severity was 1.59, 0.76, and 0.95 %, respectively. Therefore, both Ampelomyces strains applied twice in autumn reduced both disease incidence and severity at the mid-epidemic stage in the following year by approximately 50 %. Since interaction between vineyards and treatments was not significant (P = 0.60 and P = 0.879 for disease incidence and severity, respectively), such a reduction was consistent over the different vineyards (Table 3 ). In addition to the effect of the disease on leaves, an effect on bunches was observed. For example, in the Savarna vineyard in 2010, the incidence of powdery mildew infection was very low on the leaves (Table 3) , however 67.5 % of bunches became diseased at mid-July, with 9.81 % average disease severity in the control plots. In the plots sprayed . Strains were grouped as in Fig. 3 . a Intra-hyphal growth rate (mm 2 /day) determined based on the powdery mildew areas containing pycnidia 14 dpi as shown in Fig. 2 . b Percentage of parasitized young E. necator chasmothecia over the total number of chasmothecia observed. Growth rates in (a) are averages of two or three experiments, depending on the strain; percentages in (b) are averages of two experiments for each strain (Table S3) . Bars represent the standard error. Values followed by different letters are significantly different according to the LSD test at P = 0.05 with Ampelomyces in autumn, average disease incidence on bunches was only 52.5 % and disease severity was only 2.19 %.
Discussion
By using our step-by-step screening procedure based on both in vitro and in planta evaluations (Fig. 1) , started in an earlier work (Legler et al. 2011a ), we investigated a large culture collection of Ampelomyces strains in this work and identified strain RS1-a as a strain that can be developed further as a new BCA for grapevine powdery mildew. In terms of cultural characteristics, i.e., colony growth and sporulation in culture, and mycoparasitic activities in asexual and sexual stages of E. necator, RS1-a did not differ significantly from the three strains included in the 'Vitis' group (Figs. 3 and 4) , but its overall performance was superior to that of the individual 'Vitis' strains (Tables S1-3 ). Compared to the commercial AQ10 product, RS1-a showed a faster development in E. necator colonies and higher mycoparasitic activity in E. necator chasmothecia (Table S3 ). In vineyard experiments, both strain RS1-a and AQ10 Biofungicide®, applied twice in autumn to reduce the number of overwintering chasmothecia, significantly delayed and reduced early-season development of grapevine powdery mildew in the next year.
Late-season application of Ampelomyces can be considered a sanitation treatment, i.e. the reduction of the overwintering inoculum that initiates the disease epidemic in the following year (Legler et al. 2011b; Caffi et al. 2013) . The efficacy of our sanitation treatments was confirmed by disease assessments performed in the treated plots in the following seasons: in 60 % of the treated plots, the first disease symptoms appeared 1 to 4 weeks later than in the untreated plots. Moreover, both Ampelomyces strains, applied twice in late season of the previous year, halved disease incidence and severity at mid-epidemic in the following year. Our studies on detached leaves have shown that E. necator Ampelomyces when these were still immature; chasmothecia which have already been mature at the moment of application of Ampelomyces were not colonized by the mycoparasite. Similar results were obtained earlier by Falk et al. (1995) . This means that timing of the Ampelomyces treatments in autumn should be based on the monitoring of the development of chasmothecia in the targeted vineyards. Epidemiological models are helpful in timing plant protection product applications (Carisse et al. 2009; Caffi et al. 2010 Caffi et al. , 2012 Caffi et al. , 2013 and should be also used to assist the application of Ampelomyces as a BCA of E. necator in autumn. Recently, a model was developed to predict the time-course of development of the E. necator chasmothecia Legler et al. 2012 Legler et al. , 2014 . The use of Ampelomyces in sanitation treatments can become a part of an integrated disease management strategy of grapevine powdery mildew. By delaying the time of disease onset and reducing disease incidence and severity in spring and early summer, the applications of Ampelomyces in the previous year, around harvest in autumn, delay the start of secondary infection cycles that are responsible of the so-called 'disease explosion' (Carisse et al. 2009 ), and facilitate disease control before berries gain ontogenic resistance which occurs rapidly after fruit set (Gadoury et al. 2003) .
In this work we developed new methods to study the intra-hyphal spread, intracellular sporulation, and mycoparasitism of chasmothecia by Ampelomyces strains. The results did not support the idea of a narrow mycohost specialization in Ampelomyces strains and provided the first evidence that strains isolated from diverse powdery mildew species are able to intensively parasitize the sexual stage of another powdery mildew species, E. necator, in addition to heavily parasitizing its asexual stage.
If Ampelomyces strains were specialized, at least to some extent, to the powdery mildew species which they were isolated from, one would expect a lower mycoparasitic activity in other powdery mildew species during mycoparasitic tests carried out in laboratory conditions or during field applications. However, both our tests done on detached leaves and our vineyard experiments showed the contrary. No significant differences were found in the ability of eight pre-selected strains, isolated from five powdery mildew species, including E. necator, to parasitize the conidial stage of E. necator because the formation of intracellular pycnidia and reduction of powdery mildew conidial production were similar in these strains (Fig. 4a) . Moreover, RS1-a, a strain isolated from P. pannosa infecting rose, showed, together with the three strains included in 
